We present a unified conceptual framework describing the competition between diazotrophs and nonnitrogen-fixing marine plankton and their interaction with three essential nutrient elements: nitrogen (N), phosphorus (P), and iron (Fe). The theory explains the global biogeography of diazotrophs and the observed large-scale variations in surface ocean nutrient concentrations. The ratios in which N, P, and Fe are delivered to the surface ocean, relative to the demands of the phytoplankton community, define several biogeochemical provinces in terms of the limiting nutrients and the presence or absence of diazotrophs. Nutrient supply ratios provided by a global ecosystem model support the theoretical view that diazotroph biogeography is dominated by the Fe : N supply ratio, with the P : N supply ratio taking an important secondary role. The theory yields robust predictions for which strong empirical support is found in global observations of surface nutrient concentrations and diazotroph abundance.
Marine diazotrophs are a biogeochemically important group of autotrophic and heterotrophic plankton that are able to fix abundant dissolved nitrogen gas. This ability relieves them of dependence on sources of fixed nitrogen and plays a major role in the maintenance of ocean productivity (Redfield 1934; Falkowski 1997; Tyrrell 1999) .
In terms of their ecology, the growth of diazotrophs relative to the general population of phytoplankton is known to be affected by a range of factors, including irradiance (Falcó n et al. 2004) , temperature (Carpenter 1983) , and the availability of essential nutrient elements, particularly nitrogen, phosphorous, and iron (Redfield 1958; Falkowski 1997) . With this complexity, a clear mechanistic understanding of the ecological controls on diazotrophs, nondiazotrophs, and their resource environment has so far remained elusive , and predicted patterns of nitrogen fixation (Deutsch et al. 2007; Eugster and Gruber 2012) have been difficult to reconcile with direct observations (LaRoche and Breitbarth 2005; Zehr 2011; Luo et al. 2012) .
Although somewhat restricted by an observational bias toward low latitudes, current estimates of diazotroph biogeography, as shown in Fig. 1a , indicate high abundance in warm, well-lit, oligotrophic waters, particularly in the North Atlantic and North Pacific (Luo et al. 2012) . This is consistent with the preference of some diazotrophs for warm temperatures (Breitbarth et al. 2007 ) and stratified, high-light environments (Falcó n et al. 2004 ), but the discovery of diazotrophs in subpolar (Staal et al. 2003) and polar (Blais et al. 2012 ) regions and confirmed absences in areas of the equatorial and tropical Pacific (Luo et al. 2012) indicate that other factors may be important.
In terms of competition for resources, the ecological niche of diazotrophs is known to be influenced by a tradeoff between the benefits of being able to use abundant dissolved dinitrogen gas and the various costs associated with maintaining nitrogenase enzymes and breaking the strong triple bond of dinitrogen molecules (Falkowski 1997; Kustka et al. 2003) . Hence, while diazotrophs are free from dependence on fixed nitrogen, they exhibit slower maximum growth rates and higher cellular iron requirements than their nondiazotroph competitors (BermanFrank et al. 2001) . These physiological characteristics mean that diazotrophs are placed at a significant disadvantage when competing with nondiazotrophs for iron and phosphorus, but they gain a clear advantage when these nutrients are available in excess and their competitors are limited by nitrogen availability (Tyrrell 1999; Dutkiewicz et al. 2012) .
Background: A Resource-Ratio Perspective
Competition between diazotrophs and nondiazotrophs can be understood within the framework of resource-ratio theory (Tilman 1982; Schade et al. 2005; Dutkiewicz et al. 2012) . The theory states that in an equilibrium environment, each competing phytoplankton type is capable of drawing limiting nutrients down to distinct low subsistence concentrations, known as R* (Tilman 1980) . The value of R* for each nutrient is set by the ecophysiological characteristics of the phytoplankton type (Tilman 1980) and represents both the concentration of each limiting nutrient at which growth is balanced by mortality and the minimum nutrient concentration required for survival.
These principles are expressed graphically for diazotrophs and nondiazotrophs in Fig. 2 . In each of the two panels, representing phosphorus ( Fig. 2a) and iron (Fig. 2b ) limitation of diazotroph growth, the black lines describe the R* concentrations at which the net growth of nondiazotrophs (solid black) and diazotrophs (dotted black) is zero. These ''zero net growth isoclines'' (ZNGIs; Tilman 1980) meet at right angles for the nondiazotrophs, representing a switch from nitrogen-limited growth to either phosphorus-or iron-limited growth. The diazotroph ZNGI does not have a horizontal component because the diazotrophs are not dependent on fixed nitrogen. As each population grows, nutrients are drawn down toward the ZNGIs. If one population is able to draw resources down below the ZNGI of the other population, then the second population is excluded. Stable coexistence is possible only where the two ZNGIs intersect. Figure 2a shows the result of competition in the absence of iron limitation (Tyrrell 1999; Schade et al. 2005) . Here the ratio in which P and N are supplied to the chemostat is initially low relative to the requirements of the nondiazotroph community (point a). Uptake of N and P by the nondiazotrophs leads to drawdown of P to below the concentration required for diazotroph survival (point b) and hence to the exclusion of diazotrophs. The niche for diazotrophs is created over long time scales (, 10,000 yr), as the ocean nitrogen inventory is persistently depleted relative to phosphorus by denitrification (point c). From this point, nutrient uptake by the nondiazotrophs leaves a sufficient excess of P (point d) for diazotrophs to survive. N is added to the system as the excess P is drawn down by diazotrophs, leading to stable coexistence (point e). Over long time scales, the global ocean N inventory is thus coupled to the P inventory through the balance of denitrification and N fixation (Redfield 1958; Tyrrell 1999) . Figure 2b shows the result of competition with iron limitation included but phosphorus limitation neglected (Dutkiewicz et al. 2012) . At much smaller temporal and spatial scales than are associated with the effects of denitrification (Moore et al. 2013) , local Fe availability is subject to losses to particulate scavenging on the one hand and inputs from atmospheric and sedimentary sources on the other (Boyd et al. 2007 ). In general, the local Fe : N Luo et al. 2012) . Circles are proportional in area to the depth-integrated abundance of diazotrophs, which is also shown by the logarithmic color scale. Note that there is a likely bias between the two techniques, with nifH estimates consistently larger than cell counts (Luo et al. 2012) . Pink dots indicate observations of zero abundance. (b) Surface P* (Key et al. 2004). supply ratio is dictated by the balance of vertical entrainment of deep waters (low Fe : N) and atmospheric and sedimentary supply (high Fe : N) . In ocean regions where the nutrient supply is dominated by deep mixing (point f), the complete drawdown of iron leads to iron limitation of the nondiazotrophs and exclusion of diazotrophs (point g). By contrast, in regions where exogenous iron inputs dominate (point h), the excess iron supply (point i) allows diazotrophs to coexist with the nondiazotrophs (point j; Dutkiewicz et al. 2012) .
Objectives
To what extent are phosphorus and iron limitation relevant to the distributions of diazotrophs and essential nutrients in today's ocean? In the absence of other limiting factors, the phosphorus-limited model (Tyrrell 1999) predicts that nitrogen fixation should lead to almost complete drawdown of surface phosphorus wherever nitrogen is limiting to the growth of nondiazotrophs. The extent to which this takes place can be inferred using the surface distribution of the biogeochemical tracer P* (Michaels and Knap 1996; Gruber and Sarmiento 1997; Deutsch et al. 2007) , which defines the excess availability of phosphate (PO The global distribution of surface P* is shown in Fig. 1b . It is apparent that surface P* is indeed close to zero in the regions where diazotrophs are most abundant, but it is also clear that the distributions of both diazotrophs and low surface P* are severely restricted, even within the oligotrophic oceans. What factors restrict this global biogeography, preventing the drawdown of excess surface P in oligotrophic regions outside the North Atlantic and Northwest Pacific?
While the phosphorus limitation model (Redfield 1958; Tyrrell 1999; Lenton and Klausmeier 2007) provides a long-term biogeochemical perspective, it is unable to explain the currently observed biogeography of diazotrophs. The Dutkiewicz et al. (2012) model, by contrast, adopted an ecological perspective to show that diazotroph biogeography in the Pacific may be strongly regulated by the Fe : N supply ratio. However, their model did not include P limitation and thus cannot be applied at a global scale, and its predictions cannot be tested against observations of global P : N ratios.
In this article, we combine the two conceptual frameworks outlined in Fig. 2 to develop a theory that includes both phosphorus and iron limitation of diazotroph growth. Dutkiewicz et al. (2012) , with iron limitation included but phosphorus limitation neglected. In this case, scavenging of iron destroys the niche for diazotrophs, but the deficit can be overcome by exogenous inputs. See the main text for discussion of points a to j.
Applying this theory in conjunction with global biogeochemical and ecological data sets, we shall demonstrate that the observed relationship between diazotroph biogeography and dissolved inorganic nitrogen, phosphorus, and iron concentrations can indeed be clearly interpreted using resource-ratio theory (Tilman 1980; Dutkiewicz et al. 2012) .
Analysis of the theory reveals that competition between the two functional groups for the three limiting resources leads to the emergence of six distinct biogeochemical provinces. The predictable and observable boundaries between these provinces are subsequently mapped, providing a clear delineation of the spatial distribution of iron vs. phosphorus control of marine nitrogen fixation. Presented in this way, the resource-ratio perspective provides a framework to examine where and to what extent the marine phytoplankton community will be sensitive to climate induced changes in both the atmospheric and the oceanic supply of bioavailable nutrients.
In the following sections, we will first outline the theoretical framework in terms of an idealized model of diazotroph and nondiazotroph competition. We will then show how variations in the rate of N, P, and Fe supply to the surface ocean lead to the emergence of the biogeochemical provinces. We will describe these provinces, their boundaries, and certain key characteristics, and a number of theoretical predictions will then be tested against observations. We will then use output from a complex three-dimensional global ecosystem model to explore the balance of phosphorus vs. iron limitation in restricting global diazotroph biogeography, and the sensitivity to key assumptions will be evaluated. Finally, we will conclude with a discussion of the key findings and their implications.
Methods
An idealized model of N, P, and Fe competition- Table 1 presents prognostic equations for growth and loss processes in an idealized community of diazotrophs and nondiazotrophs with nitrate, phosphate, and dissolved iron. The model structure represents an extension of the model of Dutkiewicz et al. (2012) , which has been adapted to include both explicit representation of phosphorus limitation and a more detailed representation of the nutrient supply terms. The model is analogous to a laboratory chemostat but can also be thought of as representing a simple view of the well-mixed ocean surface layer. Fixed concentrations of dissolved inorganic N, P, and Fe are entrained from depth into the surface layer, and surface nutrients and phytoplankton are mixed out, at which point they are lost from the system. Atmospheric iron deposition (f atm ) is represented by a continuous flux across the ocean surface. The idealized model equations, state variables, and parameters are listed in Table 1 .
We assume that nondiazotrophic phytoplankton growth is limited by availability of P, Fe, or fixed N. For simplicity, we assume that N, P, and Fe are taken up only in inorganic form, but we note that the direct breakdown and use of organic nutrients by phytoplankton will have an important effect on the nutrient supply in many areas (Landolfi et al. 2008) . Diazotrophs fix all the nitrogen that they require (the results are qualitatively insensitive to this assumption; Dutkiewicz et al. 2012) , and their growth is limited only by P or Fe availability. Each nutrient limitation term is calculated as a Monod function, and growth rates are set by the most limiting nutrient in accordance with Liebig's law of the minimum. For simplicity, we assume that all other resources are nonlimiting. Both phytoplankton types are subject to a constant linear mortality, with detrital matter instantly remineralized in the surface layer. Any imbalances between external nutrient sources and sinks (i.e., nitrogen fixation and denitrification or iron deposition and particulate scavenging) are assumed to be negligible on the ecological time scales considered here. Additional atmospheric, riverine, and sedimentary sources of the essential nutrients are not explicitly included in the idealized model, but their effects are included in a more complex global ecosystem model that is introduced later in this article.
Physiological trade-offs and equilibrium resource requirements-The subsistence nutrient concentrations for each potentially limiting nutrient of diazotrophs (diaz) and nondiazotrophs (phyto), denoted for some element x as R Ã x , can be calculated by setting Eqs. 'a' and 'b' in Table 1B to zero and solving for each potentially limiting nutrient (Tilman 1980). These solutions, given in Table 2 , define both the minimum nutrient concentrations required for survival of each phytoplankton type and the concentrations to which each nutrient would be drawn down when limiting to growth.
Given the assumptions that diazotrophs have slower maximum growth rates and lower nutrient affinities than nondiazotrophs, the nitrogen fixers will always have higher R* values for both P and Fe than their nondiazotroph competitors (i.e., R
In accordance with the graphical solutions given in Fig. 2 , phototrophic diazotrophs will always be outcompeted if either P or Fe is limiting to nondiazotroph growth. Diazotrophs can only avoid competitive exclusion if the nondiazotroph community is nitrogen limited and both P and Fe are available in sufficient excess to meet the higher resource demands of the nitrogen fixers (Lenton and Klausmeier 2007; Dutkiewicz et al. 2012 ).
Nutrient supply ratios define emergent regimes-A formal analysis of the idealized model (presented in the Web Appendix, www.aslo.orglo/toc/vol_58/issue_6/2059a.pdf), confirms that in comparison to the average stoichiometry of the nondiazotroph community, it is the excess supply of both bioavailable iron and phosphorus, relative to bioavailable nitrogen, that is critical to both the realized niche of diazotrophs and the surface concentrations of dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), and dissolved iron (DFe).
Here we quantify the excess P and Fe supply by defining two new environmental variables, w P:N and w Fe:N . These are, respectively, the ratio of the gross delivery rate of phosphorus and iron, relative to the gross delivery rate of bioavailable nitrogen, normalized by the estimated P : N or Fe : N ratio of nondiazotrophic phytoplankton community. The two variables are formally defined in the idealized model as
where k is the chemostat dilution rate and r pP and r pFe are the P : N and Fe : N ratios of the nondiazotrophs. 
These normalized flux ratios are defined here solely by the subsurface oceanic nutrient supply and the rate of atmospheric iron deposition. More complex fluxes that include lateral advection, sedimentary iron sources, and local remineralization of organic matter are included in the more complex and realistic global ecosystem model that is applied later in the text (see Web Appendix).
Results
Equilibrium solutions to the idealized chemostat modelThe idealized chemostat model was run to equilibrium across a range of values for both w Fe:N and w P:N . Variation in these nutrient supply terms was achieved by varying the deep phosphate concentration (P 0 ) and the atmospheric iron deposition rate (f atm ). Other environmental parameters could have been adjusted to achieve a similar effect.
Equilibrium model solutions for surface N, P, Fe, and diazotroph abundance are shown as a function of w Fe:N and w P:N in Fig. 3 . Although the state variables vary across several orders of magnitude as a function of the changing nutrient supply ratios, the solutions can be clearly divided into six distinct regimes. These can be identified first by the presence or absence of diazotrophs and, second, by the characteristic surface concentrations of dissolved inorganic N, P, and Fe. In any one regime, each limiting nutrient is held at a constant R*, Fig. 3 . Equilibrium solutions to the idealized model for surface nutrients and diazotroph biomass as a function of the normalized Fe : N and P : N supply ratios, w Fe:N and w P:N . The equilibrium solutions can be divided into six biogeochemical regimes, as indicated by the white lines. Note that in contrast to Figs. 7-9, w Fe:N and w P:N represent the exogenous supply only and do not include nutrients supplied by local remineralization. There is an overlap between the SPND and LPND 1 provinces, where the supply of both phosphate and iron are nonlimiting to nondiazotrophs but at the same time too low to support diazotrophs. The blue arrows describe the transect shown in Fig. 4. while nonlimiting nutrients accumulate to higher concentrations. The boundaries between the regimes are shown by the white lines in Fig. 3 , which are formally defined in terms of w Fe:N and w P:N , as shown in Table 4 and the Web Appendix.
The six regimes can be thought of as six biogeochemical provinces. In the following section, we shall describe these biogeochemical provinces in terms of their ecological and biogeochemical characteristics, relating them to conditions in the modern ocean.
Six functional biogeochemical provinces-Globally, the concentrations of DIN, DIP, and DFe in the deep ocean are dictated primarily by the remineralization of sinking organisms, which yields these three nutrients in approximately the same ratio as they are required by the plankton community (Redfield 1934) . However, relative to this average stoichiometry, denitrification in sediments and anoxic waters leads to a slight deficit of fixed DIN relative to DIP (Redfield 1958) , while iron scavenging produces a larger deficit of DFe relative to both DIN and DIP (Martin et al. 1991) .
With these constraints in mind, we describe the behavior of the model across a transect of initially increasing w Fe:N , followed by decreasing w P:N . This transect is indicated by the blue arrows in Fig. 3 . The fluxes within each of the biogeochemical provinces is shown schematically in Fig. 4a , alongside surface nutrient concentrations predicted by the idealized model ( Fig. 4b; x-axis not to scale).
High nitrate, low chlorophyll-Starting at the left of Fig. 4 , the first province corresponds to regions where the nutrient supply is dominated by entrainment of irondepleted deep waters. Atmospheric and sedimentary iron sources are small, and the Fe : N supply ratio is less than the Fe : N ratio of the nondiazotroph community (w Fe:N ,1). Surface DFe is drawn down to the subsistence concentration for nondiazotrophs (i.e., DFe 5 R Ã Fe ½phyto), and the diazotrophs are outcompeted for iron. The excess supply of nitrogen and phosphorus is balanced by the local accumulation and subsequent dispersal of macronutrient-rich water. This province corresponds to the classic high-nitrate, low-chlorophyll (HNLC) regime (Morel et al. 1991) . Its distinguishing characteristics are low surface DFe and iron limitation, a lack of diazotrophs, and elevated surface DIN and DIP concentrations. Surface P * values reflect both the composition of the entrained waters and the mixing rate and are therefore poorly constrained. They will, however, be measurably less than the surface phosphate concentration.
Surplus phosphate, no diazotrophs-Enhancing the relative rate of iron supply drives increased growth of the ironlimited nondiazotroph community and further drawdown of nonlimiting nutrients. Full drawdown of DIN occurs at transition i, where the Fe : N supply ratio is approximately equal to the stoichiometry of the nondiazotrophs (w Fe:N < 1; see Table 4 ). As the relative supply of iron continues to increase, the nondiazotrophs switch to nitrogen limitation, and surface DIN is held at R Ã N (phyto). As DFe is no longer under ecological control, it begins to accumulate at the surface. Initially, w Fe:N may only marginally exceed the demands of the nondiazotroph community, and the accumulated DFe does not reach R Ã Fe (diaz), the minimum DFe concentration required to support diazotrophs, and these are still excluded (Dutkiewicz et al. 2012) . The excess supply of iron and phosphorus is balanced instead by local accumulation and dispersal. We define this province as surplus phosphate, no diazotrophs (SPND), characterized by the absence of diazotrophs, with low surface DIN, elevated surface DIP, and slightly elevated (but still low) surface DFe. Here, surface P* should be similar to surface phosphate concentrations, reflecting the accumulation of excess phosphate in relation to the tightly controlled surface nitrate concentration.
Surplus phosphate, with diazotrophs-A further increase in w Fe:N causes a greater accumulation of DFe at the surface until, at transition ii, the local DFe concentration reaches R Ã Fe (diaz). Here, iron-limited diazotrophs begin to coexist with nitrogen-limited nondiazotrophs, which themselves benefit from the newly fixed nitrogen (Dutkiewicz et al. 2012) . In this third province, labeled surplus phosphate, with diazotrophs (SPD), DIN and DFe are drawn down to subsistence concentrations by the nondiazotrophs and diazotrophs, respectively, and the supply of excess inorganic P is balanced by local accumulation and dispersal. Again, surface P* values reflect the accumulation of excess phosphate relative to the tightly controlled nitrogen concentration and will be close to the surface phosphate concentration.
Low phosphate, with diazotrophs-Eventually, the growth of both populations, associated with the increased Fe supply and elevated nitrogen fixation, leads to complete drawdown of excess DIP at the ocean surface (transition iii). In this fourth province, labeled low phosphate, with diazotrophs (LPD), the now phosphorus-limited diazotroph population coexists with nitrogen-limited nondiazotrophs. Surface DIN and DIP are drawn down to their respective subsistence levels, and the excess Fe supply is balanced by local accumulation and dispersal. Here, surface P* reflects the near complete drawdown of nitrate and phosphate and is thus held at low values that are set by the physiology and mortality rates of the diazotrophs and nondiazotrophs.
Low phosphate, no diazotrophs 1 (LPND 1 )-In limited regions of the North Atlantic, spatial decoupling of the accumulation and subsequent remineralization of N-rich organic matter produced by nitrogen fixation may be sufficient to drive local w P:N below the value required to support diazotrophs (Wu et al. 2000; Moore et al. 2009; Palter et al. 2011) . Exogenous N inputs in the Mediterranean may similarly reduce w P:N (Krom 2011) . This leads to the local destruction of the diazotroph's realized niche (Redfield 1958; Tyrrell 1999) . In this fifth province, surface DFe concentrations will be high, and surface P* will decrease very slightly below the already low levels seen in the LPD province.
Low phosphate, no diazotrophs 2 (LPND 2 )-A final province may theoretically occur in regions where the P : N supply ratio is sufficiently low to allow complete drawdown of surface DIP by the nondiazotrophs, although in practice bulk P limitation of the nondiazotroph community is not believed to be common (Moore et al. 2013 ). In the LPND 2 province, diazotrophs should be excluded by a lack of phosphorus, DFe will be high, and DIN may also accumulate at the surface, possibly leading to negative P* values.
Sensitivity to plankton stoichiometry-As is the case for diagnostics of nitrogen fixation based on the divergence of P* (Deutsch et al. 2007; Mills and Arrigo 2010) , the definition of the six provinces is somewhat sensitive to the average elemental stoichiometry of the nondiazotroph community (Eqs. 1, 2). This is particularly problematic for the definition of the last two provinces (LPND 1 and LPND 2 ) because spatial variability of inorganic P : N supplied to the euphotic zone may be on the same order as variability in the P : N ratio of phytoplankton, meaning that uncertainties in both are important . However, the definition of the first four provinces may be much more robust because model estimates (see Sensitivity Analysis below) suggest that the Fe : N supply ratio varies across approximately five orders of magnitude, which is much larger than the approximately two-orders-of-magnitude variability in the Fe : N ratio of the nondiazotrophs (Boyd et al. 2007) .
Over most of the global ocean, the slight excess of DIP and the strong deficit of DFe in the upwelling waters that fuel production also mean that w Fe:N typically exerts strong control on diazotroph biogeography. The iron deficit is often overcome by exogenous sources, including sedimentary and riverine supply, lateral advection, or atmospheric deposition, particularly in regions such as the subtropical gyres, where rates of vertical macronutrient entrainment are low. The system is controlled by w P:N only in limited regions, such as the North Atlantic (Wu et al. 2000; Moore et al. 2009; Palter et al. 2011) , where w Fe:N exceeds the demands of the diazotrophs. These regions are nonetheless biogeochemically important because it is here that the coupling of the ocean phosphorus and nitrogen inventories occurs (Lenton and Klausmeier 2007; Weber and Deutsch 2012) .
These constraints suggest that the Fe : N supply ratio is the currently dominant factor with regard to the global distribution of provinces. In the following sections, we therefore focus primarily on variations in the atmospheric iron supply ratio and w Fe:N . We nonetheless acknowledge that uncertainties in w P:N can be important and will return to this issue later in the article.
Observational tests-The idealized theoretical framework provides a clear interpretation of the interactions among diazotrophs, nondiazotrophs, and three essential nutrients. It also leads to several well-defined and testable predictions which may be confronted with observations. (1) The theory predicts that the concentrations of limiting nutrients within each province should be tightly regulated by the phytoplankton community (Tables 2, 3) . (2) Each of the three transitions should be marked by sharp and predictable changes in the surface nutrient and P* concentrations. (3) Diazotrophs are predicted to be found only in the third and fourth provinces.
The theory suggests that the spatial distribution of the first four provinces is determined primarily by w Fe:N . Although this variable cannot yet be accurately determined from sparse global data sets, the locations of the transitions should be strongly influenced by patterns of atmospheric iron deposition, which vary by several orders of magnitude around the globe (Fan et al. 2006; Cassar et al. 2007; Luo et al. 2008) . In the following, we first compare the provinces using modeled atmospheric iron deposition rate (Luo et al. 2008 ) as a qualitative proxy for w Fe:N , later going on to look at explicit estimates of w Fe:N from the global ecosystem model.
Atlantic Meridional Transect 17-The predictions are first examined in Fig. 5B .i, which shows surface DIN, DIP, and DFe concentrations along Atlantic Meridional Transect 17 (AMT-17; Moore et al. 2009 ). Although the transect is representative of only two of the six provinces (SPD and LPD), the observations confirm that with an increasing trend in atmospheric iron deposition from the South to the North Atlantic (see Fig. 5B .ii), there is a sharp transition from low surface DFe and high surface DIP in the South Atlantic to high surface DFe and low surface DIP in the North Atlantic. Although the AMT data are limited to a single cruise from a single season, the clear transition and the fact that surface DIN concentrations remain low across the entire transect are consistent with the classification of the South Atlantic as part of the SPD and the North Atlantic as belonging to the LPD. A more climatological perspective is provided below using global data sets.
Absolute nutrient supply rates- Figure 5A shows that the theory predicts the observed increase in nitrogen fixation and diazotroph abundance with increasing Fe supply ) up to the point where the diazotrophs become iron replete. The idealised model does not predict the observed peak in community nitrogen fixation and Trichodesmium abundance that occurs at the transition from iron to phosphorus limitation for diazotrophs (transition iii in Fig. 5B .ii). This is most likely related not to the peak in atmospheric iron supply just to the north of the Equator (note the high surface DFe concentrations, which indicate that iron is available in excess) but to the northward transport of excess DIP in the near-surface waters of the Atlantic ). Lateral advection of phosphate-rich surface waters across the Gulf Stream has also been suggested as a mechanism by which high nitrogen fixation might be sustained in some regions of the North Atlantic (Palter et al. 2011) .
The simplest way to represent these fluxes in the surface layer (i.e., chemostat) model is by adding a lateral advection term for all nutrients. A more complex, two-or three-layer model would be required to explicitly model the influence of feedbacks in the thermocline. Lateral advection of phytoplankton can be ignored because this process is slow relative to phytoplankton growth and mortality rates. Upstream nutrient concentrations are defined as the steady-state solutions that were found for atmospheric Fe deposition rates of 10% of the local rate. Waters with these concentrations are flushed through the chemostat at a rate of 0.1 d 21 (the exact values do not qualitatively affect the results). Figure 5C shows that this additional flux initially supports high nitrogen fixation close to transition iii, but the effect is diminished farther downstream, as the DIP surplus is diminished.
Global Ocean Data Analysis Project-The predicted transitions between provinces can also be seen in surface nutrient fields at a global scale. Figure 6 shows the frequency density of surface nitrate and phosphate concentrations from the Global Ocean Data Analysis Project (GLODAP) database (Key et al. 2004 ) as a function of estimated atmospheric iron deposition rate (Luo et al. 2008) . We restrict the analysis to between 40uN and 40uS, where models suggest that the equilibrium analysis may be most appropriate (Dutkiewicz et al. 2009 ). The observed surface PO 3{ 4 and NO { 3 concentrations show considerable variability and are also subject to important instrumental uncertainties at low concentrations, but two of the three transitions are clearly apparent in the data. Nitrate is drawn down to subsistence concentrations at much lower (Luo et al. 2008 ). (C) Equilibrium solutions to the idealized model with lateral advection term. atmospheric iron deposition rates (i.e., transition i) than are required for complete phosphate drawdown (i.e., transition iii). Although Fig. 6 shows some anomalously high surface phosphate concentrations at high atmospheric iron deposition rates, these appear to be associated with uncertainties in the iron delivery estimates, as they do not appear when the analysis is repeated with alternative estimates of the iron deposition rate (Fan et al. 2006; Cassar et al. 2007 , not shown).
The sharp transitions in surface nutrient concentrations seen in both the AMT and the GLODAP observations provide clear support for the proposed biogeochemical provinces and point the way toward future empirical tests. For example, transition ii could not be illustrated with the GLODAP data set because the boundary manifests in surface DFe concentrations. These have not yet been observed with sufficient global coverage, but ongoing observational programs, such as GEOTRACES (Henderson et al. 2007 ), may provide the required measurements, particularly where nutrient supply rates and surface DIN, DIP, and DFe concentrations can be evaluated alongside diazotroph abundance and rates of nitrogen fixation.
Marine Ecosystem Biomass Data-The resource-ratio approach suggests that although the atmospheric iron supply rate is important, the global biogeography of diazotrophs is more accurately described by the ratio in which total bioavailable Fe and N are supplied to the surface ocean. Thus, we should be able to predict the biogeography of diazotrophs by mapping w Fe:N . In the absence of synoptic empirical estimates, the global distribution of this environmental variable can be estimated using fluxes derived from a three-dimensional global model of nondiazotroph and diazotroph ecology, biogeochemistry, and ocean circulation (Dutkiewicz et al. 2012) . The flux ratios derived with this model, defined in the Web Appendix, include sedimentary sources and atmospheric iron deposition (Luo et al. 2008 ) but do not yet account for atmospheric nitrogen deposition or preferential remineralization of phosphorus (Monteiro et al. 2011) .
The estimated global distribution of this variable is compared to the observed biogeography of diazotrophs (Luo et al. 2012) in Fig. 7 . The approximate positions of transitions i and ii are marked by lines of constant w Fe:N , defined using the equations and values given in Table 4 . Transition i separates the HNLC and SPND provinces (black line). Transition ii marks the boundary of regions that can potentially support diazotrophy and occurs at a slightly higher value of w Fe:N (red line). The value of w Fe:N at transition iii, the boundary between SPND and LPD provinces, cannot be predicted a priori, as it depends also on w P:N (Table 4) . It was approximated instead by the value of w Fe:N at which observed diazotroph biomass first exceeds 0.5 g C m 22 . The remaining transitions (iv and v) are not plotted because they are defined in terms of w P:N alone and appear to play only a minor role in determining diazotroph biogeography (see Fig. 8 and Sensitivity Analysis below).
The regions of lowest w Fe:N are largely devoid of nitrogen fixers and correspond to the HNLC province, extending at low latitudes across the southeastern and equatorial Pacific. Diazotrophs are also generally absent poleward of 40u, which we note is consistent with the resource supply ratio perspective, though these environments are also more seasonal, and hence the simplified equilibrium perspective may be less appropriate. Figure 1b shows that, as predicted, surface P* is largely unconstrained in this province.
The second, SPND province is restricted mostly to certain areas in the South Pacific oligotrophic gyre and the fringes of the HNLC province. Here, w Fe:N is close to the critical threshold for diazotroph growth, and observations in these regions indeed suggest an absence or very low abundance of diazotrophs (Church et al. 2008; Zehr 2011; Luo et al. 2012) , together with nonlimiting concentrations of surface phosphate (Church et al. 2008 ) and variable surface P* (Fig. 1b) .
The estimated extent of the third, SPD province corresponds to large regions of the South Atlantic and subtropical Pacific, where diazotrophs have been found in low abundance but surface P is not fully drawn down (Church et al. 2008; Moore et al. 2009; Luo et al. 2012) . Figure 1b reveals that P* is frequently drawn down to low (but not the lowest) values within this province.
The fourth, LPD province is defined by the highest w Fe:N , and there is good spatial agreement in Fig. 7 between the regions of highest Fe : N flux and the regions with highest diazotroph abundance. The LPD province primarily corresponds to the North Atlantic and the northwestern sector of the Pacific subtropical gyre, where observations have shown surface DIP is fully drawn down (Gruber and (Key et al. 2004 ) as a function of atmospheric iron deposition (Luo et al. 2008 ). The equilibriumbased theoretical model is most applicable at low latitudes, and we restrict our analysis to between 40uN and 40uS (Dutkiewicz et al. 2009 ). The influence of sedimentary and terrestrial Fe sources is minimized by excluding waters where the bottom depth is less than 1000 m. The approximate iron deposition rates at transitions i and iii are shown by vertical lines. Sarmiento 1997; Kitajima et al. 2009; Moore et al. 2009 ). Here, where diazotrophs are most abundant and P limited, DIN and DIP are tightly regulated to low values by the nondiazotrophs and diazotrophs, respectively, and surface P* is consequently very low (Fig. 1b) .
Finally, we note again that spatial decoupling of nitrogen fixation and remineralization in certain regions can diminsh w P:N to the point that diazotrophs are excluded by the scarcity of phosphorus (Wu et al. 2000; Moore et al. 2009; Palter et al. 2011 ). In such cases, the system may shift into the fifth (LPND 1 ) and sixth (LPND 2 ) provinces, as outlined above. We were not able to quantitatively map the boundaries of these provinces because the transitions are sensitive to the uncertain P : N stoichiometry of the nondiazotrophs (see Sensitivity Analysis; Mills and Arrigo 2010; Weber and Deutsch 2012) . (Table 4) . Transition iii (dashed red) is estimated as the value of w Fe:N at which the observed diazotroph abundance first exceeds 0.5 g C m 22 . Black dots are proportional in size to the square root of the observed depth-integrated abundance of diazotrophs, while pink dots indicate observations of zero abundance (Luo et al. 2012) . To the extent that the sparse observations allow, the observed distribution of diazotroph abundance is consistent with the predictions drawn from resource-ratio theory. The prediction that surface P* should be tightly constrained within the LPD province is also consistent with the distributions shown in Fig. 1b , with higher (and more variable) values found elsewhere.
Global balance of w Fe:N and w P:N -Although the focus so far has been on the role of w Fe:N , the theory suggests that the global biogeography of diazotrophs may also be constrained by w P:N . An estimate of the relative importance of w Fe:N and w P:N with regard to diazotroph biogeography, based on output from the global ecosystem model, is shown in Fig. 8 . According to the theory, diazotroph survival requires high values of both w P:N and w Fe:N . The regions where both these flux ratios are sufficient (according to criteria given in Table 4 ) are shown by the gray shading in Fig. 8 . The limits of this region correspond to transitions ii and iv, which are shown in Fig. 8 by the red (transition ii) and purple (transition iv) lines.
The modeled flux estimates clearly suggest that w Fe:N places a much stronger constraint on the biogeography of nitrogen fixers than w P:N , which directly constrains diazotroph biogeography only in very limited regions.
Sensitivity analysis-Each of the two normalized resource supply ratios, w P:N and w Fe:N , includes a term describing, respectively, the P : N and Fe : N stoichiometry of the nondiazotroph community (Eqs. 1, 2). For the purposes of the analysis, these have so far been assumed to be constant, but it is clear that both r pP and r pFe are in fact subject to considerable variability (Sunda and Huntsman 1995; Geider and La Roche 2002) .
By changing the values of r pP and r pFe in the definition of the province boundaries, we can examine the sensitivity of the predicted diazotroph biogeography to changes in nondiazotroph stoichiometry. Considering first the sensitivity to r pFe , the gray shading in Fig. 9a-c indicates regions where w Fe:N is sufficient for diazotrophs, given 25-fold variation in r pFe . Although the predicted maximum range is quite variable, hot spots of nitrogen fixation in the North Atlantic and Pacific are predicted at all three tested values of r pFe . Figure 9d -f shows much greater sensitivity to much smaller, 2-fold changes in r pP . The gray regions indicate where w P:N is sufficient for diazotrophs, given three different values for r pP . There is sufficient excess phosphate for diazotrophs over a very wide area at r pP 5 1 : 20 and r pP 5 1 : 16, but Fig. 9f shows that diazotrophs cannot survive in the tropical and subtropical North Atlantic if local r pP 5 1 : 10. This is not consistent with the observed abundance of diazotrophs in this region, and supports the view that low nondiazotroph P : N ratios at low latitudes may help to maintain nitrogen fixation in these regions .
In terms of defining the spatial limits of global nitrogen fixation, we argue that w P:N is somewhat less important than w Fe:N . Relative to the demands of the nondiazotroph community, there is a slight but widespread excess of DIP over DIN in the global thermocline, the magnitude of which can be enhanced by relatively low phytoplankton P : N stoichiometry at low latitudes . This leads to global w P:N rates that are typically sufficient to support diazotrophy. In contrast, w Fe:N is much more variable, leading to stronger restrictions on diazotroph biogeography. We nonetheless acknowledge that the P : N ratio is of clear importance in some regions of the North Atlantic (Wu et al. 2000; Moore et al. 2009; Palter et al. 2011 ), but analysis of this part of the theory will require further observations and model development to better constrain P : N ratios in both phytoplankton biomass and the nutrient supply.
With regard to the effects of diazotroph stoichiometry, although this will no doubt affect rates of nitrogen fixation achieved relative to the supply of limiting nutrients, the analytic solutions presented in the Web Appendix show that diazotroph stoichiometry does not directly affect their spatial extent. This is because diazotroph biomass is, by definition, zero at the limit of their range.
Discussion
We have demonstrated that the biogeography of diazotrophic phytoplankton and the relative variations in surface ocean nutrient concentrations may be understood and predicted in the framework of resource-ratio theory. The theory predicts six, broad functional provinces that can be delineated in terms of the normalized Fe : N and P : N supply ratios. The predicted provinces are identifiable in and consistent with the relative changes in surface nutrient concentrations and the observed presence or absence of diazotrophs.
Recent studies (Lenton and Klausmeier 2007; Mills and Arrigo 2010; Weber and Deutsch 2012) have highlighted the importance of r pP in defining rates of both local and global nitrogen fixation. In particular, Weber and Deutsch (2012) confirmed that the surplus phosphate left by nondiazotrophs, as a function of their P : N stoichiometry, may be an important factor determining global rates of nitrogen fixation.
These findings are supported by the conceptual framework, which also highlights the importance of community Fe : N stoichiometry. Diazotroph biomass (and also nitrogen fixation, not shown) are only directly sensitive to w P:N and hence to r pP within the LPD province. In the SPD province, where diazotrophs are also present but iron limited, nitrogen fixation is not directly affected by r pP and is instead sensitive to r pFe .
As well as affecting the magnitude of nitrogen fixation in the different provinces, changes in community stoichiometry can also affect the position of province boundaries. Figure 9 shows, however, that the province boundaries defined in terms of w Fe:N (25-fold variation) are less sensitive to plankton stoichiometry than the boundaries defined in terms of w P:N (2-fold variation) and that the successful prediction of diazotroph biogeography in terms of w Fe:N is robust. This is because large and abrupt local changes in the Fe : N supply ratio (Fig. 7) tend to dominate the smaller variability in r pFe (Sunda and Huntsman 1995; Boyd et al. 2007 ). This provisionally suggests that the position of province boundaries i, ii, and iii will be more sensitive to the environmental Fe : N supply ratio than to the planktonic Fe : N ratio, whereas boundaries iii, iv, and v may be sensitive both to the P : N supply ratio and to planktonic P : N stoichiometry.
Reducing the enormous diversity of the marine ecosystem to two very broad functional groups is clearly a significant simplification, and the theoretical framework is necessarily based on a number of assumptions. Critically, it is assumed that diazotrophs have a lower attainable growth rate and a higher demand for Fe than the nondiazotrophs. These assumptions are essential to the arguments laid out here (and in previous work; see Monteiro et al. 2010; Dutkiewicz et al. 2012 ), but they are also very strongly supported by observations (Berman-Frank et al. 2001; Kustka et al. 2003) . Although uncertainties exist with regard to the exact values of the plankton growth and uptake parameters, particularly in such an idealized model, the analytic solutions outlined in Tables 2, 3 , and 4 and the Web Appendix indicate that within the constraints defined by these assumptions, the province definitions are qualitatively insensitive to strictly quantitative changes in the parameters.
In addition to these physiological assumptions, the idealized model further assumes an equilibrium state, with very strong resource control, where light and temperature limitation as well as grazing control are assumed to be unimportant in terms of niche differentiation. The assumption of equilibrium and a lack of differential light and temperature limitation are most appropriate in the low- Fig. 9 . Sensitivity of the predicted maximum range of diazotrophs to changes in r pFe (25-fold) and r pP (2-fold; see Sensitivity Analysis for details). Gray areas have sufficient excess of either (a-c) Fe or (d-f) P to support diazotrophs (note that an excess of both nutrients is required for coexistence). Observed diazotroph biogeography is shown as in Fig. 1a. (b, e) and represents the default values of r pFe and r pP that were used throughout the text.
latitude oceans, where diazotrophs are typically found (Luo et al. 2012 ). Nonetheless, the success of resource-ratio theory in predicting a widespread absence of diazotrophs from higher latitudes without recourse to temperature effects (Fig. 7) supports the findings of Monteiro et al. (2011) , who showed that even specifically cold-adapted diazotrophs were unable to persist a global ocean ecosystem model because of resource-related selection factors. Furthermore, the resource-ratio perspective does not rule out the presence of diazotrophs in cold waters (Staal et al. 2003; Blais et al. 2012) as long as these can be shown to be associated with high Fe : N and P : N supply ratios.
With regard to the assumption of limited top-down control, we note that the role of grazing and viral lysis has not been evaluated. Ultimately, the strength of the reductionist approach is indicated by its success in explaining the large-scale, first-order patterns of diazotroph biomass and surface nutrient concentrations. That such an idealized conceptual model is able to reproduce the first-order observations suggests that the addition of greater ecological detail (e.g., top-down control, symbiosis, iron hot-bunking, colonialism, and heterocyst formation; Staal et al. 2003; Berman-Frank et al. 2007; Saito et al. 2011 ) will lead to improved understanding of higher-order variability, such as competition within the broad functional groups defined here.
In conclusion, our analysis reveals a very strong link between the global biogeography of diazotrophs, the distribution of surface nutrients and P*, and the normalized iron-to-nitrogen supply ratio, w Fe:N . To the extent that the sparse global data sets allow, the resource-ratio approach is qualitatively consistent with a broad range of ecological and biogeochemical observations but runs counter to the hypothesis that the global distribution of nitrogen fixation is closely coupled to regions of strong denitrification (Deutsch et al. 2007; Eugster and Gruber 2012) . This latter view cannot be reconciled with the observed high levels of nitrogen fixation and diazotroph abundance in the North Atlantic, and the underlying techniques have been shown to be sensitive to the assumed P : N stoichiometry of diazotrophs (Mills and Arrigo 2010) . While the theory presented here is subject to similar sensitivity, Fig. 9 suggests that within reasonable constraints, the relationship between w Fe:N and observed diazotroph biogeography is more robust.
The theory provides specific and testable hypotheses that can be used to evaluate the validity of the proposed paradigm, which may be useful in planning future sampling strategies, particularly in heavily undersampled regions, such as the South Pacific Ocean. Finally, when considered in the context of global change, the resource-ratio perspective indicates that changes in the rates of supply of Fe, P, and N, as might be associated with increased atmospheric deposition (Krishnamurthy et al. 2009; Mahowald et al. 2009 ) or increased ocean stratification (Falkowski and Oliver 2007) , could drive significant shifts in the global distribution of the provinces. The resourceratio model will thus provide a clear conceptual framework by which to understand how long-term changes in the rates of iron, phosphorus, and nitrogen supply to the surface ocean may influence the global distribution of diazotrophs and resource-limited rates of marine nitrogen fixation.
